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Ethylene-forming enzyme (EFE) has economic importance due to its ability to catalyze the formation of
ethylene and 3-hydroxypropionate (3HP). Understanding the catalytic mechanism of EFE is essential for
optimizing the biological production of these important industrial chemicals. In this study, we
implemented molecular dynamics (MD) and quantum mechanics/molecular mechanics (QM/MM) to
elucidate the pathways leading to ethylene and 3HP formation. Our results suggest that ethylene
formation occurs from the propion-3-yl radical intermediate rather than the (2-carboxyethyl)carbonato-
Fe(n) (EFIV) intermediate, which conclusively acts as a precursor for 3HP formation. The results also
explain the role of the hydrophobic environment surrounding the 20G binding site in stabilizing the
propion-3-yl radical, which defines their conversion to either ethylene or 3HP. Our simulations on the
A198L EFE variant, which produces more 3HP than wild-type (WT) EFE based on experimental
observations, predict that the formation of the EFIV intermediate was more favored than WT. Also, MD
simulations on the EFIV intermediate in both WT and A198L EFE predicted that the water molecules
approach the Fe center, which suggests the role of water molecules in the breakdown of the EFIV
intermediate. QM/MM simulations on the EFIV intermediate of WT and A198L EFE predicted that the Fe-

bound water molecule could provide a proton for the 3HP formation from EFIV. The study underscores
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Accepted 13th March 2025 the critical influence of the enzyme's hydrophobic environment and second coordination sphere

residues in determining product distribution between ethylene and 3HP. These mechanistic insights lay
DOI: 10.1039/d4sc08378d a foundation for targeted enzyme engineering, aiming to improve the selectivity and catalytic efficiency
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1. Introduction

Ethylene is an important organic compound due to its abun-
dant use as an industrial chemical and a precursor in synthe-
sizing several other organic molecules."” Ethylene biosynthesis
has gained focus recently due to the depletion of ethylene
sources such as fossil fuels and the increase in global energy
demand.® The primary source of ethylene production involves
burning carbon feedstocks from the fossil fuel industry.* Bio-
logical sources have gained traction recently for a greener way to
synthesize ethylene.® Ethylene is produced through different
biological processes by plants and microbes such as bacteria
and fungi.® It is made from various starting materials due to the
action of certain enzymes. For example, in plants, ethylene is
formed from methionine through oxidation of 1-
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of EFE in biological ethylene and 3HP production.

aminocyclopropane-1-carboxylic acid (ACC) by an ACC oxidase
enzyme.®® However, the toxic byproduct of this process
(cyanide) has limited its use in large-scale ethylene produc-
tion.’ Some microorganisms produce ethylene in trace quan-
tities, which is not appealing to be considered for widespread
exploration.'>'> However, in the case of bacteria such as Pseu-
domonas syringae and Ralstonia solanacearum and fungus Peni-
cillium digitatum, ethylene is produced in large amounts
through the catalysis of Ethylene-Forming Enzyme (EFE).**™¢

EFE is an iron(u)(Fe(u)) and 2-oxoglutarate (20G)-dependent
(Fe()/20G) oxygenase containing a characteristic double sheet
beta-helix (DSBH) fold with distinct reactivities (Fig. 1)."”2° The
canonical reactions catalyzed by Fe(u)/20G-dependent oxy-
genases involve hydroxylation, epimerization, desaturation,
cyclization, and ring-expansion reactions of the substrate
through a reactive ferryl intermediate.***

EFE conforms to these functionalities only in its minor
reaction involving the two-electron oxidative decarboxylation of
co-substrate 2-OG to form succinate and Fe(v)=0 (ferryl) that
hydroxylates the native substrate r-arginine (1-Arg) at C5 carbon
(RO), which further undergoes oxidative fragmentation to form
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Fig. 1

(a) Overall fold of EFE (PDB ID: 5v2y). Violet-colored regions represent the B-sheets, and teal-colored regions represent the a-helices. (b)

The skeletal and 3D representation of the computationally modeled EFE active site depicting Fe(i) bonded with the facial triad, 20G, superoxide,

and substrate L-Arg. Non-polar hydrogens are hidden for clarity.

pyrroline 5-carboxylate (P5C) and guanidine.”® The major
pathway of EFE, however, involves the atypical breakdown of
prime substrate 20G through four-electron oxidation to form
ethylene (EF) (Fig. 2a). Although 1-Arg is not involved in the EF
pathway, it has been reported that the binding of r-Arg is
essential for the reactions catalyzed by EFE." Also, very recently,
a third reaction catalyzed by EFE was experimentally deter-
mined by Bollinger et al., which involved the breakdown of 20G
to 3-hydroxypropionate (3HP),>*** an important feedstock used
to synthesize a wide range of chemicals, including acrylic acid,
malonic acid, acrylamide, acrylonitrile, and poly-3HP based
polymers.”® The reaction mechanism of EFE initiates through
the binding of dioxygen (O,) to Fe, which was proposed to give
an Fe(m)-OO0°'~ intermediate (Fig. 1b);>” however, it is yet to be
experimentally determined. The branch point between the
EF:RO pathway was postulated to be at the O, activation step of
the mechanism where the attack of distal oxygen (Oq4) of Fe(i)-
OO’~ on the C2 carbon of 20G leads to the formation of peroxy-
succinate (RO-I) through C1 decarboxylation which subse-
quently proceeds to the RO pathway while the succinyl-peroxo-
carbonato-Fe(u) (EFI) formation through O, insertion between
C1-C2 proceeds to the EF pathway (Fig. 2b).****?*° The RO-I
intermediate undergoes cleavage of the O,-O4 bond to form
ferryl and succinate (RO-II). The ferryl intermediate abstracts

7668 | Chem. Sci, 2025, 16, 7667-7684

hydrogen from the C5-carbon of L-Arg to form the hydroxo-Fe(u)
complex and C5-carbon radical (RO-II). The subsequent
rebound of the hydroxo group to the C5-carbon results in C-5
hydroxylated 1-Arg (RO-IV).*® In contrast, the EFI intermediate
was computationally proposed to undergo O,-O4q bond homo-
lytic cleavage to form a succinyl radical and C1-derived carbo-
nato-Fe(u) (EFII) intermediate.*>*?**° The succinyl radical was
proposed to initiate radical decarboxylation to give a propion-3-
yl radical (EFIII). The radical coupling of C3 of the propion-3-yl
radical to carbonato-Fe(in) leads to the formation of the (2-car-
boxyethyl)carbonato-Fe(u) (EFIV) intermediate. The second
branch point that leads to ethylene and 3HP production is along
the EF pathway; however, the intermediate state at which this
branching occurs is still under discussion. Bollinger et al.
proposed that the branching occurs at the EFIV state.>**® The
EFIV intermediate was proposed to undergo a Grob-like polar
concerted fragmentation to give CO,, ethylene, and carbonate
or partial fragmentation to give 3HP and C2-derived CO,.****
However, the suggested pathway was based on isotope labeling
and product analysis with different 20G modifications,
considering the steric effects and stringent requirements for the
anti-periplanar disposition of the electrofuge (carboxylate of
EFIV) and nucleofuge (carbonate of EFIV).**** In addition to the
steric effects, there would be electronic factors upon which the

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08378d

Open Access Article. Published on 13 bezna 2025. Downloaded on 15.02.2026 1:52:34.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
i -H
a) b) )
206 %0, | .p1e1
i1 TSpelt
C Cow 1N
O *ve N H268
T H189
o
Eeh EFI
l{()lco2 0/0\ D
D191 o
(o) N /| “H m/(b%
- o 268 o ( b
o Higg OY\)\\of\—lLe“\mm
= ~
LA Y R-H o | “Haeg
co, o Higg
Il D191
Fe
OY\)J\O/' “Hyeg EFII
Hygo
R-H
RO III i .9
OH 0) ¢
€0 (o] | Digq OY\Q\Q 0\* 2!‘0191
n O--Fe'
) e = ~
& 07 | THyeq o l Haeg
o Higg 189
RO IV l
2-oxoglutarate - R-OH EFIIL
* *o Fen“D191 0—C=0 (o R-H
NHz o OY\)J\O/I “Hage 70)1\0
+2\ — o Higo o] Cl s i |||‘D191
NN o / SN S
NH; o J‘ Haes
L-Arginine * R-H i
o=c=o0 9
0=c=0 X 2.by
Fe' e EFIV
Fe(ll)| O HiCCHy | “Hygq 0=C=0
Higg i/\ (o) R-H
Ethylene o o ?.\0191
l l l Formation Tel
H
3HP Formation (<1%) Ethylene Formation (70%) Arginine Oxidation (30%) i 258
+
H,0
o H,C=CH, J‘ILHz o 2
Ho/\)J\o‘ — HN" NH - ]
3 Guanidine (o]
20, 2c0, o 0
N _ Succinate 3HP . o R-H
7 (6] Formation 6)}\/\0"' OH
co, | <Digs

Pyrroline 5-carboxylate

Fig. 2

{l
0=c=0 Te\H
S 268
0=Cc=0 4, /

(a) Reactions catalyzed by the ethylene-forming enzyme (EFE). (b) Mechanistic hypothesis proposed by this study for the three reactions

EFE catalyzes. Green dots denote the key branch points. R—H represents the L-Arg substrate.

fate of the ethylene and 3HP formation depends. A recent
computational study on the catalytic mechanism of EFE sug-
gested ethylene formation along with forming Fe(u)-pyro-
carbonates, claiming an agreement with experimental Moss-
bauer data.** However, the study did not explore the formation
of 3HP and the factors responsible for the second branching.**
Hence, it is important to understand this reaction mechanism
and define the second branch point of the EF pathway that
diverges to ethylene and 3HP production.

Although several proposals have postulated the structural
determinants responsible for this unique reactivity, such as the
hydrophobic environment lining the 20G, the effect of r-Arg
substrate orientation, and the role of 20G conformation,”*%42529

© 2025 The Author(s). Published by the Royal Society of Chemistry

the mechanism of the unique EFE reactions in ethylene and 3HP
production still remains unclear. It is important to understand
the nature of the second branch point along the EF pathway and
to delineate the factors responsible for diverging reactivities and
the reasons for the lower output of 3HP formation in WT EFE
compared to ethylene. Recent experimental studies on EFE
variant A198L showed improved 3HP formation compared to
WT.> The effect of this substitution on the conformational
dynamics, the second coordination sphere (SCS), and long-range
(LR) interactions needs to be understood to define the factors
causing improved 3HP production in the A198L EFE variant.
Computational simulations have been widely implemented to
study the reaction mechanism of non-heme Fe(u)/20G enzymes,

Chem. Sci., 2025, 16, 7667-7684 | 7669
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providing novel insights into the unique reaction mechanism of
each enzyme based on molecular dynamics (MD) and quantum
mechanics/molecular mechanics (QM/MM) calculations.*** The
studies have shown the complex effects of the SCS and LR
interactions on the reaction energetics, intermediates, and the
overall reaction path.***>*™*¢ Hence, to determine the second
branchpoint of the EFE reaction mechanism and further eluci-
date the role of SCS and LR residues, we implemented combined
MD and QM/MM methods.

2. Methods

2.1 System preparation

The initial structure of EFE was obtained from the crystal
structure (PDB ID: 5v2y)"” with 1-Arg, 20G in an offline fashion
(C1 carboxylate of 20G bound trans to H268), and an Fe(u)-
analog Mn(u) from the RCSB protein data bank. A high-quality
structure of the actual reactant complex (Fe(u)-complex) has
recently become available (PDB: 6vp4);** however, overlaying it
with the Mn(1) complex structure (PDB ID: 5v2y)'” showed that
the two structures are highly superimposable (RMSD = 0.17 A);
therefore, to maintain consistency with our previous calcula-
tions,*****” we used the 5v2y crystal structure in this study. The
obtained structure was remodeled by replacing Mn with Fe and
modifying the water molecule attached trans to the H189 to
dioxygen (0O,) to represent the offline Fe(u1)-OO"~ intermediate.
The system WT-EFE-Fe(m1)-OO" ™~ -1-Arg (WT-EFE) thus obtained
has Fe with bidentate coordination to 20G and monodentate
coordination to two histidines H189 and H268 and an aspartate
D191. The parameters for 1-Arg and 20G were obtained using
the generalized Amber force field (GAFF)* implemented in the
antechamber suite in AmberTools20. The metal center
parameters at a high spin (HS) Fe(m)-OO" ™~ intermediate level,
including bond and angle force constants, were obtained using
the Metal Center Parameter Builder (MCPB.py v3.0)*° of
AmberTools20. The remaining protein residues were modeled
using an Amber ff14SB force field.>! The Na" counter ions were
added to the system for neutralization using a leap module in
Amber20.* Finally, the protein system was solvated with
TIP3P* water molecules, extending up to 10 A from the farthest
point of the protein surface. For the A198L variant, the alanine
residue at the 198th position was replaced by a leucine residue
using the Chimera tool.*® The same procedure was repeated for
the variant to obtain the A198L-EFE-Fe(m)-OO ™ -1-Arg (A198L-
EFE) system. Similarly, the system was modified accordingly for
the EFIV intermediate, and the parameters were obtained using
the MCPB techniques mentioned above. The EFIV intermediate
for WT EFE (WT-EFE-EFIV) and A198L variant (A198L-EFE-EFIV)
systems were obtained using the same procedure for further
calculations.

2.2 Molecular dynamics simulations

Initially, the solvated systems were minimized in two steps.
First, the solvent molecules were minimized for 10 000 steps
with a restraint of 100 kcal mol " on the solute molecules.
Following this, the whole system was minimized for 10 000

7670 | Chem. Sci, 2025, 16, 7667-7684
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steps. The minimizations were first carried out using the
steepest descent (5000 steps) and then the conjugate gradient
(5000 steps) method. The systems were then subjected to
controlled heating under NVT ensemble from 0 to 300 K using
a Langevin thermostat®** with a collision frequency of 1 ps™*
for 250 ps with mild restraint using a harmonic potential of
50 kcal mol™* A® on the solute molecules. The periodic
boundary conditions were implemented in all simulations.
Long-range electrostatic interactions were calculated with the
particle mesh Ewald method®**” with a direct space and van der
Waals cutoff of 10 A. The SHAKE® algorithm was used to
constrain the bonds involving hydrogens. Following heating,
the system undergoes MD simulation for 1 ns to achieve
a uniform density with a weak restraint on the solute molecules
using periodic boundary conditions. Subsequently, the systems
were equilibrated for 3 ns at 300 K in an NPT ensemble without
restraint. During the simulations, the pressure was maintained
at 1 bar using the Berendsen barostat.”® The production simu-
lations were performed for 1 ps each with a timestep of 2 fs in an
NPT ensemble with pressure set at 1 bar and a constant pres-
sure coupling of 2 ps. The GPU version of Amber20 was used for
the production simulations.*® The hydrogen bond analysis was
carried out using the CPPTRAJ* module of Amber20. The
principal component analysis (PCA) and dynamic cross-
correlation analysis (DCCA) were performed on the backbone
atoms on the equilibrated portion of the production simulation
using the Bio3D*" module in the R programming language.

2.3 QM/MM simulations

Representative snapshots from the equilibrated regions of the 1
us MD trajectory were obtained for QM/MM calculations. Water
molecules beyond 12 A from each atom on the protein surface
were truncated. QM/MM simulations were conducted using the
ChemShell program:*> DL_POLY® for the MM implementation
and Turbomole®* for the QM region. The polarizing effect of the
protein environment on the QM region was accounted for using
an electrostatic embedding scheme.” Hydrogen link atoms
were used to cap the QM/MM boundaries using a charge shift
model.®® The facial triad residues (H189, D191, and H268) with
Fe, 20G, and 1-Arg substrates defined the QM regions for WT
and A198L EFE systems. In the case of EFIV systems, the EFIV
intermediate with the facial triad residues, 20G, r-Arg, and
a water molecule near Fe was included in the QM region. The
protein region within 8 A from the QM region was defined as the
flexible MM region, and the rest of the system beyond 8 A was
fixed. The Amber ff14SB forcefield was used for the MM
region.”* Experimental studies demonstrated a quintet spin
state as the ground state for non-heme Fe enzymes.*® Multiple
computational studies on the O, activation reaction in non-
heme Fe(n)/20G-dependent enzymes have shown that
although triplet, quintet, and septet spin states are possible, the
reaction proceeds through the HS quintet state.”>**”-”° Hence,
we used the HS quintet spin state of EFE-Fe(i1)-OO" ™ -L-Arg for
our reaction path calculations. The geometry optimization and
frequency calculations used the def2-SVP™* basis set with the
DFT-B3LYP (QM(B1)/MM) method. The potential energy surface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(PES) scans with specific reaction coordinates for the reaction
under study were implemented on the optimized reaction
complexes (RCs) with a step size of 0.1 A to obtain transition
states (TSs), intermediate (IM), and product complexes (PCs).
Without any constraints, the highest energy points along the
PES are optimized using the dimer method” implemented in
the DL-FIND”® optimizer. Frequency calculations were per-
formed to confirm the minima and transition states. To further
refine the energies, single point (SP) energy calculations were
performed on the optimized geometries using a large all-
electron def2-TZVP”* basis set (QM(B2)/MM). The zero-point
energies from frequency calculations were added to B2 energy
to obtain zero-point corrected QM(B3)/MM energies. The results
are discussed at the QM(B3)/MM level of energies. Additionally,
we calculated SP energy on the QM/MM geometries of the
stationary points with different functionals, including GGA
functionals such as PBE and B97-D and double hybrid func-
tionals such as B2-PLYP. The -calculations revealed that
although the performance of the different functionals varies,
the energies obtained at B97-D are closer to those at B3LYP
(Tables S1-S31). The QM/MM method with the B3LYP func-
tional implemented in this study has been widely used®**>7*7¢
and proven efficient in identifying important intermediates
along the EFE reaction pathway,” including succinyl-peroxo-
carbonato-Fe(u) (EFI), which was later proven by experimental
studies.?® Natural Orbital (NO) and Spin Natural Orbital (SNO)
analyses were carried out using the Gaussian 16 package.”” The
coordinates of the QM/MM optimized structures with the
absolute energies obtained during the simulations are given in
the ESLT

3. Results and discussion

3.1 How is ethylene formed? From the propion-3-yl radical
or EFIV intermediate?

Despite several experimental and computational
efforts,”7>****%7® how ethylene is formed from 20G is still
unknown. Bollinger et al. proposed the formation of an unusual
EFIV intermediate (Fig. 2b), which undergoes a Grob-like frag-
mentation to form ethylene or partial fragmentation to form 3-
hydoxypropionate.>**® To understand the feasibility of this
mechanism, we carried out QM/MM calculations on two snap-
shots obtained from MD simulations of the WT-EFE system.*
MD simulations of the WT-EFE system were already discussed
in our previous study.”® We chose the two snapshots consid-
ering the closer orientation of SCS residues surrounding the
20G co-substrate, which was experimentally shown to influence
reactivity.*

3.1.1 How does the propion-3-yl radical lead to ethylene
formation? Initially, we obtained a structure from WT-EFE MD
simulations and optimized it to get reactant complex 1 (WT1-
RC). The initial distances between atoms involved in the reac-
tion at WT1-RC are as follows: between distal oxygen (Oq) of
superoxide and C2 carbon of 20G it is 2.40 A, between proximal
oxygen (O,) of superoxide and C1 carbon of 20G it is 3.11 A and
the 0,-O4 bond distance is 1.27 A (Fig. 3). The nucleophilic
attack of O4 on the C2 carbon of 20G was carried out using the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reaction coordinate involving the approach of distal oxygen (Oq)
of dioxygen to C2 carbon of 20G (O4-C2) and the increase in the
distance of proximal oxygen (Op) and Ogq (O,-Oq). WT1-RC
initiates the EF pathway by forming the succinyl-peroxo-carbo-
nato-Fe(u) intermediate (WT1-EFI) with a 7.9 kcal mol " acti-
vation barrier through a transition state WI'1-TS1. At WT1-TS1,
the O4-C2 distance is reduced to 1.43 A, resulting in O4-C2
bond formation with a distance of 1.36 A at WT1-EFL During
this transformation, the C1-C2 bond of 20G increases from
1.55 A to 2.91 A, resulting in decarboxylation and recombination
with O, with an O,-C1 bond distance of 1.51 A at WT1-EFL The
formed WT1-EFI further undergoes homolytic O,-O4 bond
cleavage to form carbonato-Fe(ur) and a succinyl radical (WT1-
EFII) (Fig. 3). WT-EFII undergoes C2-C3 bond breakage through
a transition state WT1-TS3, which is 8.6 kcal mol ' higher in
energy than WT1-EFII, which gave a propion-3-yl radical inter-
mediate from the PES scan. However, free optimization of this
intermediate led to ethylene (WT1-ethylene), indicating a bar-
rierless breakage of the C4-C5 bond. The spin density analysis
corroborates the formation of succinyl and propion-3-yl radicals
with —0.57 spin density of Oq4 as part of the succinyl radical in
WT1-EFII and —0.84 spin density at C3 carbon of the propion-3-
yl group in WT1-TS3 (Fig. S17).

We could not optimize a stable propion-3-yl radical derived
from the WT1 snapshot. Subsequent breakdown of the propion-
3-yl radical to ethylene could be correlated with the reduced
hydrophobic interactions surrounding the radical in WT1-EFII
and WT1-TS3. For example, L173 has positioned one of its
methyl groups away from the C3-C4 bond (Fig. 4). The results
suggested that the EFIV intermediate might not be required for
ethylene formation. All intermediate states identified in the C2-
C3 bond breakage PES after WI'1-TS3 converge to ethylene upon
free optimization (leading to spontaneous breakage of the C4-
C5 bond), reinforcing that ethylene formation happens through
sequential breakage of the C2-C3 and C4-C5 bonds.

3.1.2 How does the propion-3-yl radical lead to the EFIV
intermediate? In an attempt to explore the stability of the
propion-3-yl radical further, we obtained another snapshot
from the MD simulation of the WT-EFE MD (WT2-RC) and
repeated the reaction path calculations on it. The initial step in
the O, activation reaction for WT2-RC forming the succinyl-
peroxo-carbonato-Fe(n) intermediate (WT2-EFI) requires an
activation barrier of 6.3 kcal mol™* (Fig. 5a), which subse-
quently leads to the generation of carbonato-Fe(m) and
a succinyl radical (WT2-EFII) through O,-O4 bond breakage.
The spin density of O4 oxygen is —0.52 in WT2-EFII (Fig. S27).

The WT2-EFII intermediate undergoes a C2-C3 bond
cleavage, resulting in a stable propion-3-yl radical (WT2-EFIII)
with an associated 20.3 kcal mol ' barrier, which is higher
compared to WT1-EFII C2-C3 bond breakage (8.6 kcal mol ™ %).
At WT2-EFIII, the spin density of C3 carbon is —0.94, repre-
senting the presence of a radical (Fig. S21). The stability of the
propion-3-yl radical WT3-EFIII could be attributed to the
hydrogen bonding and hydrophobic interactions with the SCS
residues. At the WT2-EFII and WT2-TS3 states, we could see
strong salt bridge interactions between the C5 carboxylate and
R277 guanidino group, and there are increased hydrophobic

Chem. Sci., 2025, 16, 7667-7684 | 7671
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interactions from L173 along the C3-C4 bond (Fig. 4). Contrary
to WT1-EFII, both the 81 and 82 methyl groups of L173 face
toward the C3-C4 bond in WT2-EFII and WT2-TS3. To explore
the reactivity of the propion-3-yl radical, we performed QM/MM
reaction path calculations using WT2-EFIIIL. Upon reducing the
distance between the C3 carbon of the propion-3-yl radical and
the O, atom of Fe(u)-carbonate, the propion-3-yl radical led to
barrierless formation of ethylene (WT2-ethylene), which later
rebinds to form the (2-carboxyethyl)carbonato-Fe(n) interme-
diate (WT2-EFIV') with a barrier of 22.6 kcal mol™" (calculated
from WT2-ethylene) (Fig. S3at).

To obtain WT2-EFIV directly from WT2-EFIII, we performed
reaction path calculations with a modified reaction coordinate
that included a slight restraint on the C4-C5 bond to prevent
bond breakage that would lead to ethylene. This approach
eventually formed WT2-EFIV with a 1.7 kcal mol™" barrier
(Fig. 5a). We, therefore, propose that the competition between
C4-C5 bond breakage and C3-O, bond creation (coupling)
determines the product distribution between ethylene and 3HP.
Fig. 5b shows the optimized structures obtained during the O,
activation mechanism in WT2. We predict that WI'2-EFIV may
serve as a precursor for 3HP, and the formation of the EFIV
intermediate determines the yield of 3HP. For comparison, the
overlaid reaction profiles of WT1 and WT2 are given in the ESI
(Fig. s41).

However, our attempts to obtain 3HP from WT2-EFIV
through direct C1-O,, bond cleavage did not yield a product,
indicating that a different mechanism is involved in the
breakdown of EFIV to 3HP. Although our analysis suggests that
ethylene is generated in competition with EFIV, we considered
that it is important to assess whether ethylene formation might
also be energetically feasible directly from EFIV, as this was
proposed by Bollinger et al.>* Consequently, exploring ethylene
formation from WT2-EFIV indicated that, although ethylene

© 2025 The Author(s). Published by the Royal Society of Chemistry

can be produced (WT2-ethylene’), the process could be unfea-
sible due to the high barrier of approximately 57.2 kcal mol ™"
(Fig. S3bf¥).

Hence, based on our QM/MM calculations on two snapshots
of WT EFE, we hypothesize that ethylene is directly formed from
the breakage of the C2-C3 bond and C4-C5 bond sequentially.
In contrast, a stabilized propion-3-yl radical might bind with
carbonato-Fe(u) to form an EFIV intermediate, which, upon
further reaction, leads to a 3HP product in agreement with the
experimental reports.>**®* From the present calculations, the
formation of ethylene from EFIV looks unlikely. However, the
mechanism of 3HP formation from EFIV still needs to be
explored.

3.1.3 Role of SCS interactions in defining the reaction
specificity of EFE. Several studies have explored the role of SCS
and LR interactions in Fe(u)/20G enzymes.?>*35757981 The
intricate effects of SCS and LR residues lead to substantial
changes in product distribution, reaction selectivity, and spec-
ificity.** Hence, it is crucial to understand the impact of these
residues in the EFE in achieving the different reactivities dis-
cussed in the above sections. The steric factors surrounding the
succinyl radical in WT1-EFII and WT2-EFII define the process of
C2-C3 bond breakage. The hydrophobic interactions provided
by the residues A198, L173, and 1186 determine the breaking of
the succinyl radical in affecting the formation of subsequent
reactivities. In WT1-EFII, the 31- and 32-methyl groups of L173
and the 3-methyl group of 1186 (4.48 A) are respectively at 4.30 A,
6.38 A and 4.48 A distances from the C3 carbon of the succinyl
radical facilitating breakdown of the succinyl radical. This
breakdown led to the propion-3-yl radical, which subsequently
rearranges to form ethylene (Fig. 4). Contrastingly, in WT2-EFII,
the 31- and 32-methyl groups of L173 (4.72 A and 4.35 A) and the
3-methyl group of 1186 (3.89 A) are closer to the C3 carbon of the
succinyl radical, preventing the radical's dissociation to

Chem. Sci., 2025, 16, 7667-7684 | 7673
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ethylene (Fig. 4). These hydrophobic interactions stabilize the
propion-3-yl radical in WT2-EFIII, which combines with carbo-
nato-Fe(m) to form an EFIV intermediate. Furthermore, we
implemented an EDA analysis to understand the energetic
contributions of the SCS and LR residues to important conver-
sions during the EFE catalysis. We found that during C2-C3
bond cleavage of the succinyl radical in WT1-EFII, the residues
R171, R174, and A279 are involved in the energetic stabilization
of the bond-breakage transition state (WTI-TS3), whereas E94,
A199, and L206 residues are involved in its destabilization
(Fig. S5t). R171 forms hydrogen bonding interactions with the
C1-derived carbonate group and r-Arg guanidium group, while
the residues A199, L206, and A279 form the hydrophobic envi-
ronment surrounding the succinyl radical. R174 and E94 are
found on the surface of the protein. Similarly, the C2-C3 bond
breakage in WT2-EFII and the R171, R174, and D253 residues
provide energetic stabilization to the transition state of this
conversion, while D91, E94, and L206 residues cause destabi-
lization (Fig. S6t). D253 makes a hydrogen bond with Fe-
coordinated D191, while D91 is part of the r-Arg binding
pocket. Notably, the hydrophobic region around the 20G
uniquely stabilizes the propion-3-yl radical formed during
catalysis.

3.1.4 Electronic structure analysis of WT EFE snapshots.
The reactant complexes (WT1-RC and WT2-RC) contain the
Fe(u)-superoxo complex in a high spin state (S = 5/2), which
exhibits antiferromagnetic coupling between the Fe(ur) center
and the superoxo anion radical (S = 1/2). The electronic struc-
ture analysis of the Fe center in WTI'1-RC predicted an electronic
configuration of Tdyz1dxy1dxz1dxz,yz1dzz”1'c‘*‘17r*l in which the

superoxo anion radical is present in the w" orbital (Fig. S77),
whereas, in WT2-RC, the electronic configuration of
'dy,'dyy'dyy 1dpe e Tde 1, Lw‘*‘ shows that the radical is present
in the ’Tt‘*‘ orbital (Fig. S8t). Previous computational studies
suggested that the EF pathway is favored irrespective of the
presence of the superoxo anion radical in either ', or TCT‘
orbitals.>**” The current calculations also agree with the earlier
findings, as WT1-RC and WT2-RC snapshots followed the EF
pathway. The NO and SNO analyses show that the Fe-O,, bond is
formed by the orbital overlap of the Fe d,>_ > and the 7', orbitals
of O, in WT1-RC. Conversely, the bonding is achieved by the
overlap of Fe d,, and TE‘*‘ orbitals in WT2-RC. The transfer of two
electrons from the o¢,_c, bond occurs when O, attacks C2 of
20G: one electron to the ‘l‘ti orbital and the other to the Fe d,»
orbital in WT1, whereas one electron is transferred to the TC‘*‘
orbital and the other to the Fe d,»_, orbital in WT2. Thus,
at WT1-EFI and WT2-EFI, the electronic configurations
are Wdyﬂdxdexﬂdxz,yz”dzz”n‘*‘”w’l and 'dy,'dy'dy
"de ye'da !ty respectively. Subsequently, the 0,-Oq
homolytic cleavage happens with the transfer of a B electron
from the Fe d,: orbital to the gop_oq Orbital of O, in WT1 and
from the Fe d,»_,» orbital to the o¢p-0q oOrbital of O, in WT2
leading to a succinyl radical and carbonato-Fe(u) in WT1-EFII
and WT2-EFII respectively. The succinyl radical leads to C2-C3
bond breakage by transferring an a« electron from ¢¢, c; to the
C2 carboxylate, releasing C2-based CO, and leaving the radical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on the propion-3-yl group thus formed. This process is consis-
tent in both WT1-EFIII and WT2-EFIIIl. However, upon free
optimization of WT1-EFIIl, an o electron from the ¢cycs
combines with the radical present on C3 carbon to form C3-C4-
based ethylene. Meanwhile, the B electron from C5 carboxylate
moves to the Fe center to form Fe(u)-carbonate. Conversely, the
propion-3-yl radical was optimized with a single electron on C3
carbon in WT2-EFIII. Upon the close approach of the propion-3-
yl radical to the carbonato-Fe(m) in WT2-TS4, the radical
B electron is transferred to carbonato-Fe(ur) to form the (2-car-
boxyethyl)carbonato-Fe(u) intermediate (WT2-EFIV). The elec-
tronic structure analysis of WT'1 and WT2 suggests that the
electronic rearrangement of the propion-3-yl radical determines
the formation of either ethylene or the (2-carboxyethyl)carbo-
nato-Fe() intermediate.

3.2 Why SCS variant A198L changes the ratio between
ethylene and 3HP?

Experimental studies on WT EFE indicate that 3HP was
produced in a yield of less than 1%, significantly lower than the
yields of ethylene and P5C.>**® However, the SCS variant A198L
was reported to produce high yields of 3HP (about 58-66%)
compared to WT due to the steric bulk provided by the leucine
residue, which perturbs the active site to favor 3HP formation
over ethylene.* To give an atomistic insight into how the A198L
variant of EFE increases the production of 3HP, we carried out
MD and QM/MM studies.

3.2.1 How does A198L affect the structure and dynamics of
EFE? Compared to alanine, the leucine residue contains more
hydrophobic methyl groups. To explore the conformational
changes effected by this substitution on EFE, we performed MD
simulations on the A198L variant (Fig. S91). The simulations
show stable hydrogen bonds between N° of i-Arg and the
carboxylate group of E84 (73% of 1 us trajectory) and between
the guanidine group of 1-Arg and Fe-binding D191 (64%). 20G is
stabilized in the active site through a hydrogen bond between
its C5 carboxyl group and R277 (90%). Similarly, the C1 carboxyl
group of 20G is stabilized by a stable hydrogen bond with R171.
Overall, the hydrogen bonding interactions are congruent with
the WT-EFE simulations, with the only exception being the
hydrogen bond between the backbone of D191 and D253, which
is reduced in the case of the A198L variant (37%) compared to
WT (80%). The PCA showed that the overall structure is less
flexible except for the terminal region of the protein. Interest-
ingly, the flexible regions in the WT EFE* show limited motion
in the case of the A198L variant (Fig. 6 and S107). The trend is
reflected in DCCA, which shows a substantial loss in correlated/
anticorrelated motions found in the WT EFE (Fig. 6). Notably,
the anticorrelated motion between (i) B4, B5, and the loops
connecting them (residues 80-93) and (ii) f11 and its connect-
ing loops (residues 211-245) has been lost in A198L EFE. Also,
the anticorrelated motion between 15 and the loop connecting
it to o8 (residues 291-303) and regions (i) and (ii) has been lost.
Overall, the anticorrelated motions have been limited in the
A198L variant. This could have implications for the differences
in the reactivity of the A198L variant compared to WT, as
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correlated motions play a significant role in effective
catalysis.®"%*

3.2.2 Mechanism of O, activation in the A198L EFE variant.
To understand the difference in reactivity of the A198L EFE
variant compared to WT EFE, we implemented QM/MM reac-
tion path calculations to explore the complete reaction mech-
anism. We optimized a representative snapshot from A198L-
EFE MD simulations to obtain A198L-RC and explored the
nucleophilic attack of superoxo on the C2 position of 20G using
A198L-RC. The interatomic distances are as follows: 2.44 A
between C2 of 20G and Og, 1.26 A between Op and Oy, and 3.12
A between C1 of 20G and Oy, aligning with those observed in
the WT-RCs (Fig. 7).

The reaction path calculation with the same reaction coor-
dinate as for WT1 led to the energetically favorable EF pathway,
forming an Fe(n)-succinyl-peroxy carbonate intermediate
(A198L-EFI) with a 9.8 kcal mol " activation barrier (Fig. 7).
A198L-EFI then undergoes homolytic cleavage of the O,-Oq4
bond, forming carbonato-Fe(ur) and a succinyl radical (A198L-
EFII). This succinyl radical intermediate subsequently
undergoes C2-C3 bond cleavage, forming a propion-3-yl radical
(A198L-EFIII) through a barrier of 15.0 keal mol™*, which then
led to the formation of the EFIV intermediate (A198L-EFIV) with
an activation barrier of 1.3 kcal mol™". The presence of succinyl
and propion-3-yl radicals at A198L-EFII and A198L-EFIII,
respectively, is confirmed by the spin density analysis shown in
Fig. S11.+

The analysis of the SCS interactions shows that the two
methyl groups of the substituted residue L198 form hydro-
phobic interactions with the C4 carbon of the succinyl radical
(3.76 A and 3.72 A) in A198L-EFIL Similarly, the residues L173

7676 | Chem. Sci., 2025, 16, 7667-7684

and 1186 also form hydrophobic interactions with the C3 carbon
of the succinyl radical. Like WT2-EFII, these interactions help
stabilize propion-3-yl radical formation and the subsequent
approach of this radical to carbonato-Fe(ur) to form A198L-EFIV.
However, the A198L variant does not require additional
restraints for this conversion as in WT2-EFIII because the
additional methyl groups of L198 provide the necessary steric
effects to form A198L-EFIV (Fig. 8). Based on EDA analysis, the
residues E84, D253, and E285 give energetically stabilizing
contributions to A198L-TS3 for C2-C3 bond breakage. Contrary
to WT snapshots, the residues D91, R171, and D201 are involved
in destabilizing A198L-TS3 (Fig. S12}). R171 is involved in
hydrogen bonding interactions with C1 carboxylate (of carbo-
nato-Fe(m)) and 1-Arg, while E84 has hydrogen bonding with the
guanidino group of r-Arg.

To explore if ethylene formation from the propion-3-yl radical
is as favored in the A198L-EFE variant as in the WT, we performed
reaction path calculation starting from A198L-EFIII by increasing
the distance between C4 and C5 to facilitate ethylene formation.
However, the simulation resulted in an EFIV intermediate rather
than ethylene, aligning with experimental observations that in
the A198L variant, 58-66% of the EF pathway flux is redirected
toward the 3HP product. In agreement with the experimental
studies,” we elucidated that 3HP is formed from the EFIV
intermediate. The ethylene product is formed with a barrier of 5
keal mol ™" by applying a constraint on the distance between O,
and C3 to prevent bond formation. Hence, the results suggest
that ethylene formation is feasible in the A198L mutant, although
not as favored as in the WT, and might require further structural
rearrangements in the SCS interactions that keep the C3 carbon
away from the Op,. The calculations imply that in the A198L-EFE

© 2025 The Author(s). Published by the Royal Society of Chemistry
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variant, the formation of the EFIV intermediate is facilitated
compared to WT, thereby increasing the output of 3HP compared
to WT EFE. The electronic configuration of A198L-RC is
1dyz1d30,1dxz1d,(z,yzWdzz”wrlh'c*l in which the superoxo anion
radical is present in the 7", orbital (Fig. S131). The subsequent
electronic rearrangement through the successive steps follows
the same pathway as the WT2-RC pathway.

3.3 Conformational dynamics of the (2-carboxyethyl)
carbonato-Fe(u) intermediate in the WT and A198L EFE

The (2-carboxyethyl)carbonato-Fe(u) intermediate is unique for
EFE***® as it was not indicated as part of the catalytic mecha-
nism of Fe(un)/20G-dependent oxygenases. To understand its
conformational properties, we performed MD simulations on
the EFIV intermediate in both WT and A198L variants.

The simulation of the EFIV intermediate in WT EFE (WT-
EFE-EFIV) shows a stable trajectory with an average RMSD of
1.52 A (Fig. S147). Compared to the Fe(m)-OO"~ dynamics, the r-
Arg substrate has moved slightly away from the Fe(u)-center in
WT-EFE-EFIV simulations (Fig. S15t). Furthermore, the
hydrogen bonding analysis of WT-EFE-EFIV simulation revealed
differences in the hydrogen bonding interactions of the r-Arg
substrate. Notable changes include the lower stability (22%) of
hydrogen bonding interactions between N® of 1-Arg and D191
carboxylate compared to WT-Fe(m)-OO"~ dynamics (64%). This

7678 | Chem. Sci, 2025, 16, 7667-7684

loss in hydrogen bonding interaction leads to the slight move-
ment of L-Arg away from the Fe(u) center. This observation could
be attributed to the lack of the role of t-Arg in the EF pathway.
Also, the carbonate group of the EFIV intermediate forms stable
hydrogen bonding interactions with the guanidino group of
Arg171 (28%). Also, we analyzed the 1 ps trajectory and observed
that the water molecules often approach the Fe(n) center. Based
on histogram analysis, more than 60% of the snapshots in the
trajectory have at least one water molecule within 5 A from the
Fe(u) center (Fig. S16T). This is brought about by the slight
displacement of the L-Arg substrate, allowing water molecules to
access the Fe center. Based on this intriguing observation, we
hypothesize that the further breakdown of the EFIV interme-
diate might involve the role of water molecules, possibly as
proton donors.

We further implemented DCCA analysis to understand the
LR correlated/anticorrelated interactions at the EFIV interme-
diate state. EFIV dynamics revealed loss of correlated and
anticorrelated motions predominant in Fe(ur)-OO" ™. The EFIV
intermediate attached to the Fe center exhibited highly corre-
lated motion with the other Fe-coordinated residues. The
regions, including residues 80-93, 210-240, and 290-305, have
limited correlated and anticorrelated motion with each other
(Fig. S171). The PCA analysis also showed a loss in the flexi-
bility of these regions compared to WT-Fe(ur)-OO"~ (Fig. S177).

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08378d

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 bezna 2025. Downloaded on 15.02.2026 1:52:34.

(cc)

Edge Article

a)
88
78
68
58
s
£ 48
©
<
Bas
@
c
i
6] o )ok R-H
6/“\/\0 ?,Hzea
18 0o Fe!
H H | “Dig
Higg
8 WT-EFIV-
RC
(0.0/0.0)
2
WT-EFIV-RC
Fe-0 4.13

Fe-O 1.96
Fe-O12.85
0-H2 1.42
H2-Op 1.07
Op-C11.86

Fe-0 1.96
Fe-O1 2.66
0-H2 1.56
H2-01 0.98
C4-C5 2.80

WT-EFIV-TS1
(6.2/6.3)
WT-EFIV-IM1
(6.9/6.3)
WT-EFIV-TS1

Fe-0 2.83

%Ethylene

WT-EFIV-Ethylene

View Article Online

Chemical Science

WT-EFIV-TS2’
(86.5/81.7)
. H,C=CH,
© 0 o RH
."-.6J\OJ\OH _Haes
oFe,
H | “Digs
189
WT-EFIV-
. Ethylene
. (36.1/32.6)
WT-EFIV-TS2
(33.4/25.7)
—_—
WT-EFIV-3HP
(25.7/21.4)
0—=C=0 R-H
(o]
‘OJ\/\O-H Haeg
o Fel,
H | “Digs
Hige
WT-EFIV-IMI
€
Fe-0 2.32 .
Fe-011.99 L-Arg
H2-01 2.48 /

H2-Op 3.98
< 9p o4

Fe-0 1.92
Fe-O13.18
0-H21.76

H2-Op 0.99
Op-C12.47

Fe-0 1.92
Fe-O1 3.41
0-H21.44
H2-01 1.05
C3-C41.33

Fig. 9 (a) Reaction profile of 3HP formation in the WT-EFE-EFIV system. Relative energies are given in kcal mol™ at QM(B2)/MM (black) and
QM(B3)/MM (red) levels. The profile was plotted at QM(B3)/MM levels. The pink arrow indicates electron movement in ethylene formation, and
the blue indicates electron movement in 3HP formation. (b) The optimized geometries of the intermediates and transition states obtained during
the QM/MM simulations.
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These regions influence the substrate binding and are involved
in the hydrophobic region surrounding the EFIV intermediate.
This apparent change in the flexibility and the correlated
motions could be related to the active site change and corre-
sponding LR conformational changes, allowing the solvent
molecules to access the Fe center. Overall conformational
dynamics analysis of the EFIV intermediate in WT intriguingly
revealed that more water molecules have access to the Fe
center.

To provide some structural background about the catalytic
differences between the WT and A198L EFE forms, we explored
the conformational dynamics of the EFIV intermediate in the
A198L variant (A198L-EFE-EFIV) (Fig. S187). Similar to WT-EFE-
EFIV, the hydrogen bonding interactions between N° of rL-Arg
and D191 carboxylate are less prominent in A198L-EFE-EFIV.
The C5 carboxylate of the EFIV intermediate forms stable
hydrogen bonding interactions with the guanidino group of
R277, similar to the WT-EFE-EFIV system and WT Fe(u)-O0 ™
system. Interestingly, the hydrogen bonding between R171 and
the carbonate group of EFIV is relatively more stable (33%) than
that in WT-EFE-EFIV. We also observe the approach of solvent
molecules to the Fe center (within 5 A), which is observed in
more than 60% of the trajectory, similar to the WT-EFE-EFIV
system (Fig. S19t). This observation reiterates the intriguing
nature of the EFIV intermediate, which allows water molecules
to access the Fe(u) center.

DCCA analysis shows that the correlated motions observed
in WT-EFE-EFIV and WT Fe(u1)-OO"~ forms have been lost in
the A198L-EFE-EFIV form (Fig. S201). However, there is an
increased anticorrelated motion between the region forming 4
and B5 sheets (residues 87-92) and the region forming o8 and
a9 (residues 186-202) helices. These regions have the residues
involved in substrate stabilization. This observation could be
related to the change in the active site with increased solvent
access to the active site. The conformational dynamics of A198L-
EFE-EFIV revealed changes in the SCS interactions and corre-
lated motions, which could help in the reaction involving the
breakdown of the EFIV intermediate.

3.4 Mechanism of 3HP formation

The breakdown of the EFIV intermediate has been proposed to
form either ethylene or 3HP. While the conversion of EFIV to
ethylene is energetically unfavorable, the formation of 3HP
from its partial breakdown should be explored further. Direct
breakdown of EFIV through decarboxylation of C1 carboxylate
to 3HP is also not feasible. However, MD simulations of the
EFIV intermediate in WT and A198L variants show that water
molecules can access the Fe(u) center, suggesting the potential
role of water in the breakdown of EFIV. Previous computational
studies have explored the role of water molecules in the
formation of ethylene.*® Participation of water in the catalytic
mechanism by binding to the metal center and serving as
proton donors was proposed in several enzymes, including
isopenicillin N synthase®” and pterin-dependent hydroxylases.**
To explore this hypothesis in the case of 3HP formation, we
conducted QM/MM simulations to define the reaction

7680 | Chem. Sci, 2025, 16, 7667-7684

View Article Online

Edge Article

mechanism of 3HP formation in WT and A198L EFE variants,
with water acting as a proton donor.

3.4.1 Mechanism of 3HP formation in WT EFE. We ob-
tained a representative snapshot from the WT-EFE-EFIV MD
trajectory where a water molecule is closer to the Fe center and
optimized it to obtain WT-EFIV-RC. At WT-EFIV-RC, the water
molecule is at 4.13 A from the Fe center (Fig. 9). Subsequently,
we did a potential energy scan calculation to coordinate the
water molecule to the Fe center by decreasing the distance
between the Fe and oxygen of the water (Oy) molecule (Fe-Oy,).
The water molecule gets coordinated to the Fe center with a 6.3
keal mol ! barrier to form WT-EFIV-IM1. The Fe-O,, distance is
2.32 A at WT-EFIV-IM1. From this state, proton transfer occurs
from the water molecule to the EFIV intermediate with simul-
taneous release of CO, to form 3HP (WT-EFIV-3HP) through
WT-EFIV-TS2 with a 19.4 kcal mol~" barrier (Fig. 9). The spin
population analysis reveals that the Fe is present in the Fe(u)
oxidation state throughout the reaction (Fig. S21t). However, we
could see negative charge generation in the OH group of the
water molecule (OHy), confirming the proton transfer from the
water to 3HP. Although WT-EFIV-3HP is endothermic with an
energy of 21.4 kcal mol™' with respect to WT-EFIV-RC,
compared to the Fe(m)-OO’~ intermediate, WT-EFIV-3HP is
thermodynamically exothermic. We further suppose that H'
from the solution might help remove the Fe-coordinated OH
group as water and form an exothermic product; however, this
possibility requires further exploration. Furthermore, to
completely rule out the possibility of ethylene formation from
EFIV, we carried out QM/MM reaction path calculations to form
ethylene from EFIV with the aid of proton transfer from the
water molecule to the carbonate group of the EFIV intermediate.
As seen in earlier calculations in this study, the current calcu-
lations also gave an ethylene product with a high activation
barrier of 75.4 kcal mol™" through a transition state WT-EFIV-
TS2', reiterating that ethylene formation is not feasible from
EFIV (Fig. 9).

3.4.2 Mechanism of 3HP formation in A198L EFE. To
define the reaction mechanism of 3HP formation in the case of
the A198L variant of EFE, we carried out QM/MM optimizations
on the snapshot obtained from the A198L-EFE-EFIV MD
trajectory with a water molecule closer to the active site of A198L
EFE. The optimized structure A198L-EFIV-RC undergoes the
potential energy surface scan to coordinate the water molecule
to the Fe center. The coordination of water requires a 14.3 kcal
mol " barrier, which gives A198L-EFIV-IM2 (Fig. 10). At this
state, the distance between Fe and O,, of the water molecule is
2.33 A. Subsequently, proton transfer occurs between the water
molecule and carbonate group of the EFIV intermediate with
the release of a CO, molecule to obtain n 3HP (A198L-EFIV-3HP)
through an activation barrier of 22.7 kcal mol . Although the
A198L-EFIV-3HP product is endothermic with respect to A198L-
EFIV-RC, it is less endothermic with 12.4 kcal mol ™" energy
compared to the 21.4 kcal mol™" energy of WT-EFIV-3HP.
Hence, the 3HP product in the A198L EFE is more stabilized
than WT EFE. Also, it is important to notice that the energy span
between A198L-EFIV-RC and A198L-EFIV-TS2 is 26.9 kcal mol ?,
comparable to that observed in WT. Like the WT-EFIV-RC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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obtained during the QM/MM simulations.

reaction path, the spin population analysis revealed that the Fe
center is at Fe(u) oxidation throughout the reaction (Fig. S227).
Contrary to WT, ethylene is not obtained from EFIV in the
A198L EFE variant as the energy increases throughout the
reaction path calculations without leading to an ethylene
product.

3.5 Alternate sources of hydrogen for EFIV breakdown

In addition to the Fe(u)-coordinated water molecule as a proton
source, we explored a potential proton transfer from the

© 2025 The Author(s). Published by the Royal Society of Chemistry

protonated SCS residues in EFIV (Fig. S237). In particular, we
attempted proton transfer from R171 - one of the SCS residues
involved in C1 stabilization of 20G and carbonate stabilization
in EFIV, as studies suggest that arginine can be involved in
proton transfer reactions.** Despite several attempts using
different combinations of reaction coordinates, the formation
of 3HP or ethylene is either not achieved or energetically unfa-
vorable. We also explored proton transfer from a water molecule
through the E84 residue, which did not lead to stable products.
Additionally, we explored proton transfer from non-coordinated

Chem. Sci., 2025, 16, 7667-7684 | 7681


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08378d

Open Access Article. Published on 13 bezna 2025. Downloaded on 15.02.2026 1:52:34.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

water molecules, but it did not lead to 3HP or ethylene products.
Based on our calculations, Fe(u)-coordinated water can be the
viable proton source for forming 3HP.

4. Conclusions

The current study provides a comprehensive account of the
mechanism of EFE, particularly the second branch point along
the EF pathway, which determines the formation of ethylene
and 3HP. We employed combined MD and QM/MM simulations
to understand the mechanism. Our primary goal was to
describe the EF pathway through conformational analysis of
intermediates obtained during the reaction, including the
succinyl radical (EFII), the propion-3-yl radical (EFII), and the
(2-carboxyethyl)carbonato-Fe(ur) (EFIV) intermediate. We pre-
sented the critical conformational and electronic factors related
to these intermediates and their outcomes, particularly the
hydrophobic environment around 20G, SCS, and LR residues
that govern the stability and fate of these intermediates.
Contrary to the previous proposal, we propose a pathway in the
EFE reaction mechanism where the second branch point of the
EF pathway occurs at the EFIII intermediate state instead of
EFIV‘24,28

Our simulations suggested that ethylene formation happens
through a pathway involving sequential bond breakages of the
C2-C3 bond followed by the C4-C5 bond of the succinyl radical
through a branch point propion-3-yl radical (EFII) interme-
diate. QM/MM simulations on two snapshots of the WT EFE
system predicted that the competition between C4-C5 bond
breakage and C3-O,, bond coupling determines the fate of the
EFIIl intermediate to form ethylene as in WT1, or EFIII
approaches and binds to carbonato-Fe(m) to form the 2-car-
boxyethylcarbonato-Fe(u) (EFIV) intermediate as in WT2,
respectively. The results predicted that the fine-tuning of the
hydrophobic SCS residues surrounding the propion-3-yl radical
(20G binding site) plays a key role in stabilizing the propion-3-yl
radical. More relaxed hydrophobic SCS interactions
surrounding the EFIII intermediate lead to its rapid decompo-
sition to ethylene, whereas stable EFIII with tighter hydro-
phobic interactions surrounding it eventually led to the
formation of the EFIV intermediate. Our efforts to simulate
ethylene formation from EFIV have not provided any feasible
pathway.

We also carried out the QM/MM simulations on the A198L
EFE variant, which was experimentally shown to have increased
3HP formation, to verify that 3HP formation comes from EFIV.
Simulations on the A198L EFE predicted that the variant
showed tighter SCS interactions around the propion-3-yl
radical, which facilitates the formation of the EFIV interme-
diate. However, the ethylene formation from the propion-3-yl
radical in A198L EFE required additional restraints to prevent
its bonding with carbonato-Fe(m), suggesting that additional
conformational/SCS rearrangement is required in A198L EFE to
form ethylene. Furthermore, we propose that the fate of the
EFIII intermediate dictates the product distribution of ethylene
and 3HP.
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Moreover, our study explored the EFIV intermediate in WT
and A198L EFE using MD simulation, which predicted that
water molecules, facilitated by enzyme flexibility, can access the
Fe(u) center. This provides a rationale for a mechanism where
a water molecule bound to the Fe(u) center can act as a proton
donor, aiding in 3HP formation. Our QM/MM simulations
revealed that the Fe(u)-coordinated water molecules transfer
a proton to the EFIV intermediate with simultaneous decar-
boxylation, giving 3HP in both WT and A198L EFE with
comparable energies. However, the difference in the product
distribution of ethylene and 3HP between WT (approx. 99:1)
and A198L (approx. 60 : 30) could be attributed to the enhanced
facilitation of the EFIV intermediate formation in A198L EFE
compared to WT.

Overall, our computational study provides important insight
into the recent experimental studies**** about the reaction
mechanism of EFE, emphasizing the role of the SCS in tuning
the reaction product distribution. Thus, the results provided in
this study in the longer term can guide future enzyme redesign
efforts of EFE for enhanced production of ethylene or 3HP.
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